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LOADING AND HEATING OF A LARGE FLAT PLATE AT MACH 7 IN THE 
LANGLEY 8-FOOT HIGH -TEMPERATURE STRUCTURES TUNNEL 

By William D. Deveikis and L. Roane Hunt 
Langley Research Center 

SUMMARY 

Surface pressure and cold-wall heating-rate distributions (wall-temperature to 
total-temperature ratio approximately 0.2) were obtained on a large, flat calibration panel 
at a nominal Mach number of 7 in the Langley 8-foot high-temperature structures tunnel. 
Panel dimensions were 108.0 by 152.4 cm (42.5 by 60.0 in.). Test objectives were (1) to 
map available flat -plate loading and heating provided by the facility and (2) to determine 
effectiveness of leading-edge bluntness, boundary -layer trips, and aerodynamic fences 
in generating a uniform, streamwise turbulent flow field over the test surface of a flat- 
sided panel holder. Tests were conducted at angles of attack to 15° for free- stream unit 
Reynolds numbers from 1.240 x 106 to 5.545 x lO^ per meter (0.378 x 10^ to 1.69 x 106 per 
foot), ^t stagnation pressures between 4.275 aral 18.06 MPa (620 and 2620 psia), and at 
stagnation temperatures of 1400 K (2500° R) and 1900 K (3400° R) in a test medium com- 
prising combustion products of methane and air. 

The results indicated that surface pressures from 0.90 to 15.2 kPa (0.13 to 2.20 psia) 
and cold-wall turbulent heating rates from 29.5 to 250 kW/m2 (2.6 to 22.0 Btu/ft^-sec) are 
available in the present range of test conditions. Average pressures were predicted within 
±10 percent using oblique-shock relations, and average heating rates were overpredicted 
from 10 to 30 percent using Eckert's reference temperature, as was expected for the pres- 
ent wall-temperature to total-temperature ratio. Other results showed that with a sharp 
leading edge, Mach number distributions normal to the surface were more uniform than 
were obtained with a blunt leading edge; boundary-layer trips generated fully turbulent 
flow uniformly in the spanwise direction within ±5 percent over the panel surface at all 
angles of attack and Reynolds numbers; and aerodynamic fences diminished the tendency 
of flow streamlines to deflect with angle of attack over the panel surface and, hence, 
improved pressure distributions. 


INTRODUCTION 


Environmental testing has become an essential element in resolving many of the 
structural problems associated with flight at hypersonic speeds that are important to 



the development of the structural design technology for efficient operation of flight struc- 
tures in the hypersonic environment (ref. 1). In this regard, the Langley 8 -foot high- 
temperature structures tunnel (ref. 2) was conceived for evaluating the aeroelastic, 
structural, and thermal performance of full-scale components of advanced structural 
design concepts in a simulated aerodynamic loading and heating environment compara- 
ble to flight at Mach 7. One of the major technology areas scheduled for investigation in 
this facility is the surface structure and thermal control system for hypersonic vehicles. 
For this work, a flat- sided panel holder that can accommodate full-scale prototype sur- 
face structure panel concepts was constructed. However, before tests of these concepts 
could begin, a detailed definition of the pressure and heating-rate distributions that would 
be encountered over the test surface was first required. Thus, the present investigation 
was undertaken to obtain base-line data on available aerodynamic loading and heating by 

using a flat calibration panel 108.0 by 152.4 cm (42.5 by 60.0 in.) mounted on the panel 
holder. 

For these tests, it was of interest to subject the panel both to uniform pressure 
loading and to turbulent heating. The former required a flow field free of cross flow, 
whereas the latter required fixing the location of boundary-layer transition ahead of the 
panel. Consequently, as part of this investigation, the effectiveness of leading-edge blunt- 
ness and boundary -layer trip height in generating fully turbulent flow and the effectiveness 
of aerodynamic fences in providing a uniformly distributed streamwise flow over the panel 
surface were evaluated. 

Distributions of cold-wall aerodynamic heating rates for a wall-temperature to total- 
temperature ratio of approximately 0.2, static pressures on the panel surface, and pitot 
pressures above the surface were obtained for angles of attack up to 15°, for stagnation 
temperatures of 1400 K (2500° R) and 1900 K (3400° R), and for a range of total pressures 
that yielded free-stream unit Reynolds numbers between 1.240 x lo6 and 5.545 x lo6 per 
meter (0.378 x 10® and 1.69 x 106 per foot). The test medium was the combustion pro- 
ducts of methane and air which, as reported in reference 2, provides aerodynamic pres- 
sure and heating coefficients comparable to those obtained in test facilities using air. 
Measured pressure and heating distributions are compared with theoretical distributions, 
and carpet plots summarizing the heating and loading results are presented. 

SYMBOLS 

Although physical quantities were measured in U.S. Customary Units, they are pre- 
sented in this paper in the International System of Units (SI). Factors relating the two 
systems are given in reference 3 and in the appendix. 
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Nst 
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x,y,z 
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specific heat at constant pressure 

vertical distance from tunnel center line, m (in.) 

longitudinal distance from nozzle exit (see fig. 4), m (in.) 

Mach number 

Prandtl number 

Reynolds number based on x 

unit Reynolds number, per meter (per foot) 

Stanton number 

pressure. Pa (psia) 

heating rate, W/m2 (Btu/ft2-sec) 

temperature, K (®R) 

time, sec 

velocity 

width of panel holder, m (in.) 

coordinates of panel holder (see fig. 1), m (in.) 

angle of attack, deg 


p density 

7 thickness 

Superscripts: 

’ pitot 

♦ Eckert's reference temperature 
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Subscripts: 


aw adiabatic wall 

cl center line 

I local 

t total condition in combustor 

w wall 

1 blunt leading edge 

2 sharp leading edge 

°° free stream 


APPARATUS AND TESTS 
Panel Holder 

The present tests were conducted using the panel holder illustrated in figure 1. Its 
basic configuration was that of a rectangular slab with a 20° bevel at the leading edge, as 
shown in figure 1(a). A large rectangular cutout through the panel holder could accommo- 
date test-panel sizes up to 108.0 by 152.4 cm (42.5 by 60.0 in.) with access to the back 
of the test panel by means of a removable plate on the back surface of the panel holder 
(fig. 1(b)). Construction of the panel holder was of 2.54-cm-thick (1-in.) stainless -steel 
members welded as a framework substructure covered with a protective exterior insula- 
tion blanket of 2.54-cm-thick (1-in.) Glasrock foam tiles which were bonded to the sub- 
structure. The tiles were ground to provide a test surface that was as flat as possible, 
but surface conditions varied as a result of the porosity of the Glasrock material and 
frequent replacement of damaged tiles. 

Initially, the leading edge of the panel holder was blunt, and the panel-holder width 
(designated Wj in fig. l(b)j was 147.3 cm (58.0 in.). In subsequent tests, the leading 
edge of the panel holder was sharp; and for these tests, the Glasrock insulation along both 
sides of the panel holder was removed, which decreased the panel-holder width (desig- 
nated W2 in fig. 1(b)) to 140.7 cm (55.4 in.). The blunt leading-edge configuration is 
illustrated in figure 1(c). Its radius was 0.96 cm (0.38 in.), and it was constructed of cop- 
per with internal passageways for water cooling. The sharp leading-edge configuration 
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is shown in figure 1(d). This part was constructed of solid stainless steel with a thick- 
ness at the leading edge of 0.05 cm (0.02 in.). Its length was shorter than that of the 
blunt leading edge by the length of the blunt leading-edge radius. With this leading edge, 
a gap of up to 0.16 cm (0.06 in.) was present between the matir^ surfaces of the steel 
leading edge and the Glasrock as a result of irregularities along the upstream edge of the 
Glasrock. 

Two boundary -layer trip sizes were used with the sharper leading edge, namely 
0.24- or 0.48 -cm -diameter (0.094- or 0.19-in.) stainless -steel spheres, laterally spaced 
at intervals of 4 trip diameters across the width of the panel-holder test surface. The 
spheres were located 12.7 cm (5.0 in.) downstream from the leading edge (fig. 1(d)). 

Trip sizes and lateral spacings were based on criteria of references 4 and 5 which indi- 
cate that for a Mach number of 6, a trip height from 1.5 to 3 times the total bound? ry- 
layer thickness, and a lateral spacing of 4 times the trip diameter are required to fix 
the location of boundary -layer transition near the trip across the test surface. For the 
present investigation, the trips were sized to about 3 times the estimated total boundary- 
layer thickness expected over the range of test conditions. Although a large pressure 
drag is associated with such large roughness elements, this effect was not important to 
the present investigation since only the promotion of turbulent heating was of interest. 
Other flow distortions produced by the trips conceivably would dissipate over the long 
distance between the trips and the leading edge of the calibration panel (See ref. 6.) 

For the tests with aerodynamic fences, the fence configuration illustrated in fig- 
ure 1(e) was used. This configuration was developed from 1/12-scale model tests con- 
ducted in a hot stream and utilizing oil -flow and schlieren techniques. When attached to 
the panel holder, the fence extended 7.6 cm (3.0 in.) above the test surface and 25.4 cm 
(10.0 in.) below the back surface of the panel holder. The fences were constructed from 
1.11 -cm -thick (0.44 -in.) mild steel plate with edges on the exterior surface beveled 30°, 
as shown in figure 1(e), to allow formation of an attached shock wave. The surface adja- 
cent to the Glasrock test surface was unbeveled. 

Calibration Panel 

The calibration panel was constructed of Hastelloy X plate which was 0.318 cm 
(0.125 in.) thick. Its surface roughness was 1.6 pm (64 pin.), rms. The back surface of 
the panel was insulated by a 3.18-cm-thick (1.25-in.) layer of Glasrock to minimize radi- 
ation losses to the interior of the panel holder. In order to minimize warping, the panel 
was bolted at 156 locations to eleven 7.62-cm (3-in.) I-beams spaced at 15.24-cm (6-in.) 
intervals across the width of the cutout. All but one of these locations were floating 
attachments to allow inplane thermal expansion. Assembled in this manner, the panel 
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surface waviness varied within ±0.6 mm (±0.025 in.) over a minimum wavelength of 
approximately 76.2 cm (30 in.). In the panel holder, the surface of the panel was flush 
with the surrounding Glasrock surface. An average gap of 0.3 cm (0.1 in.) between the 

panel edges and the walls of the rectangular cutout was provided for thermal expansion 
within the plane of the panel. 


Instrumentation 

Instrumentation for the calibration panel consisted of 27 surface pressure orifices 
and 59 chromel-alumel thermocouples whose individual lead wires were spotwelded to the 
back surface of the panel. The orifices and thermocouples were distributed as shown in 
figure 2, and inplane locations are listed in table I. The longitudinal coordinate x is 
measured from the tip of the blunt leading edge (see fig. 1(c)). 

A survey rake with eight pitot probes for determining local Mach numbers outside 
the VISCOUS boundary layer was located near the downstream edge of the calibration panel 
or 259.8 cm (102.3 in.) from the leading edge of the panel holder (fig. 1(a)). For the pres- 
ent tests, pitot pressures were surveyed at four locations between 2.54 and 10.16 cm (1 and 
4 in.) above the Glasrock surface. Static and pitot pressures were measured with the aid 
of strain-gage pressure transducers located under the calibration panel and connected to 
0.15-cm (0.060-in.) inside diameter stainless-steel orifice tubing. 

Test Facility 

The present tests were conducted in the Langley 8-foot high -temperature structures 
tunnel which is shown schematically in figure 3. This facility is a hypersonic blowdown 
wind tunnel which operates at a nominal Mach number of 7, at total pressures between 
3.4 and 24.1 MPa (600 and 3500 psia), and at nominal total temperatures between 1400 K 
and 2000 K (2500° R and 3600° R). Corresponding free-stream unit Reynolds numbers 
are between 1 x 10® and 10 x 10^ per meter (0.3 x 1 q 6 and 3.0 x 10® per foot). These 
conditions simulate the aerothermal flight environment at Mach 7 in the altitude range 
between 25 and 40 km (80 000 and 130 000 ft). 

The high-energy test medium is the products of combustion of a mixture of methane 
and air which is burned within a pressurized combustion chamber. The combustion prod- 
ucts are then expanded to the test -section Mach number by means of an axisymmetric 
contoured nozzle having an exit diameter of 2.4 m (8 ft). In the test section, the stream 
is a free jet with a usable test core approximately 1.2 m (4 ft) in diameter over a length 
of 4.3 m (14 ft) and then enters a straight tube diffuser where it is pumped to the atmo- 
sphere by means of a single-stage annular air ejector. Stagnation temperature is con- 
trolled by regulating the fuel-to-air ratio. 
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A cross-sectional view showing various model positions in the test section is pre- 
sented in figure 4. Models are kept out of the stream until hypersonic flow conditions 
are established. The model is then inserted rapidly into the stream on an elevator and 
programed through a sequence of events prescribed by test requirements. Prior to 
terminating a test, the model is withdrawn from the stream before tunnel shutdown. 

Representative variations in pitot and static pressures normalized with respect to 
stagnation pressure and corresponding free -stream Mach number variations obtained from 
surveys of the test stream are presented in figure 5. The data shown were obtained in the 
vertical center-line plane across a stream width of 1 m (40 in.) at two longitudinal sta- 
tions for a total pressure of 6.9 MPa (1000 psia) and at a total temperature of 1833 K 
(3300O R). These results indicate that the pitot and static pressures varied within ±9 per- 
cent, both vertically and longitudinally. The free -stream Mach numbers determined from 
these pressures varied within ±3 percent vertically and within ±2 percent longitudinally. 
Similar variations were observed at higher total pressures. 

Tests 

The present investigation was conducted in two separate series of tests, one series 
used the blunt leading edge and the other series used the sharper leading edge. In the 
former series, the calibration panel faced down as in the photograph of figure 6, whereas 
in the latter series, the calibration panel faced up as in the photograph of figure 7. The 
downward facing panel orientation was chosen to minimize the risk of precipitating tunnel 
flow breakdown during insertion of the panel holder into the test stream. The upward 
facing panel orientation was imposed on the latter series of tests to correspond to the 
orientation planned for future tests of surface structure panels that required preheating 
from above. The panel holder was sting -mounted at its base, and when it was in the test 
stream at zero angle of attack, the test surface lay 0.15 m (0.5 ft) off the tunnel axis for 
both panel orientations (fig. 4). In this attitude, the leading edge of the panel holder was 
located 0.381 m (1.25 ft) downstream from the nozzle exit. 

Aerodynamic surface pressures and heating rates were surveyed by pitching the 
calibration panel into the test stream at different angles of attack over a range of stagna- 
tion pressures. Panel insertion was very rapid to provide, as nearly as possible, a step- 

function exposure to the aerothermal environment. For each exposure, both « and the 

stagnation pressure were generally held constant. Since cold-wall heating rates were of 
interest, the calibration panel was at near ambient temperature on insertion and remained 
in the test stream only about 5 seconds - long enough to ensure that outputs of the pres- 
sure transducers had stabilized. However, during test 14 (table II), the panel holder was 
permitted to sweep through a range of a until flow breakdown occurred. 
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Test conditions and panel -holder configuration information are summarized in 
table II for every test. Of the 31 tests that were conducted, the first 10 were on the panel 
holder with the blunt leading edge. For those tests, the calibration panel was subjected 
to four nominal total pressures over the operating range of the tunnel and to total temper- 
atures of about 1900 K (3400° R). Corresponding free-stream unit Reynolds numbers at 
these conditions were nominally 1.3 X 106, 2.0 x 106, 3.3 x 106, and 4.9 X 10® per meter 
(0.4 X 106, 0.6 X 106, 1.0 X 106, and 1.5 x lo6 per foot). However, angle of attack was 
limited at each total pressure by the range of the surface -pressure transducers, which 
was from 0 to 7 kPa (0 to 1 psia). In the test series using the sharp leading edge (tests 11 
to 31, table II), the calibration panel was instrumented with transducers that sensed pres- 
sures up to 35 kPa (5 psia), which permitted testing at a up to at least 15° at all total 
pressures. Tests 11 to 18 were conducted to observe effects of boundary -layer trip size, 
and in tests 19 to 31, small boundary -layer trips were used and aerodynamic fences were 
attached. This latter panel-holder configuration is herein called modified panel holder. 

In tests 19 to 29, the calibration panel was subjected to only three nominal total pressures 
and to total temperatures of about 1900 K (3400° R), for which the nominah free -stream 
Reynolds numbers correspond to the three highest values in the test series without aero- 
dynamic fences. Tests 30 and 31 were conducted near the lower total -temperature limit 
of 1400 K (2500° R) and at a total pressure of 17.65 MPa (2560 psia) for which the cor- 
responding nominal free-stream unit Reynolds number was 5.40 X 10® per meter 
(1.65 X 10® per foot). 


Data Reduction and Analysis 

Outputs from the pressure transducers and thermocouples on the calibration panel 
were recorded at a sampling rate of 20 per second and were reduced to useful form at the 
Langley central digital data recording faciUty. The experimental and analytical quanti- 
ties reported herein were based on the thermal, transport, and flow properties of the 
combustion-products test medium as determined from reference 7. Free-stream con- 
ditions in the test section were determined from reference measurements in the com- 
bustor (fig. 3) by using results from tunnel stream -survey tests such as in figure 5. 

Ex perimental pressure ratios .- All experimentally determined surface pressures 
were normalized with respect to corresponding free-stream static pressures from table II. 
The ratio of pitot pressures given by the survey rake to the surface pressure at an ori- 
fice located 15 cm (6 in.) upstream of the probes was used to evaluate Mach numbers. 

Predicted pressures and Mach numbers .- Theoretical values of local pressures 
and Mach numbers at the outer edge of the boundary layer were based on the assumption 
that center-hne pressure distributions were constant over the length of the calibration 
panel as given by the oblique-shock relations of reference 8. For the panel holder with 
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the sharp leading edge, the local Mach number was obtained directly from oblique -shock 
relations; whereas, for the panel holder with the blunt leading edge, the local Mach number 
was calculated by assuming that a normal shock loss occurred across the detached shock 
wave at the leading edge and that the flow expanded isentropically from the stagnation line 
to the local pressure given by oblique -shock relations. Additional calculations of center - 
line pressures and variations in Mach number normal to the surface of the panel with the 
blunt leading edge were made with the aid of the Lockheed inlet program of reference 9, 
which utilizes the method of characteristics to account for some leading -edge effects and 
has been modified to include properties of the combustion-products test medium. 

Experimental cold- wall heating rates . - Experimentally determined cold-wall heat- 
ing rates were evaluated from the one-dimensional heat-balance equation for a thin wall 

AT 

q = pcpT ^ 

using the slope of the thermocouple temperature -time variation AT/ At selected at a 
time very early in the test when effects from thermal conduction and radiation were min- 
imal. Use of the thin-wall technique was justified despite the panel thickness of 0.318 cm 
(0.125 in.) inasmuch as heating rates so obtained agreed with values that were determined 
using a finite-difference analysis (ref. 10) for heat transfer through a thick wall. The 
heating rates determined in this manner were then converted to the nondimensional 
Stanton number based on the free -stream conditions of table II 

(^aw ■ 

Adiabatic -wall temperature T^w was based on reference temperature and laminar and 
turbulent recovery factors of ^ and , respectively. In order to 

convert these Stanton numbers to values based on local conditions, the local pressure and 
local temperature at the outer edge of the boundary layer were assumed constant along 
the calibration panel and were determined from oblique-shock relations according to the 
leading-edge configuration, as indicated earlier. Values of local pressure p^ , local 
temperature T^, adiabatic -wall temperature T^w, ^nd Eckert's reference temperature 
T* (ref. 11) are presented in table HI for each test. Conversion factors are also included 
in table III for determining Stanton numbers based on local free-stream conditions Ngj.^^, 
and on reference temperature conditions The local Reynolds number was based 

on constant flow conditions along the panel, and the free-stream unit Reynolds number 
given in table n can be converted to local Reynolds numbers at a distance x from the 
leading edge of the panel holder by applying the conversion factors of table III. 
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Calculated cold -wall heating rates .- Analytically determined heating rates we 
obtained from the relations 


re 


^ ^ \-2/3/ ,x-l/2 

Ngt^^ - 0.322(Np^^^) 


Ne* , = 0.0296 n’ 


’St,i 


Pr,^, 


- 2 / 3 / ^,- 1/5 

R, 


for laminar and turbulent boundary layers, respectively. These relations were also 
based on Eckert's reference temperature and are described in reference 12. 


RESULTS AND DISCUSSION 


Panel Holder With Blunt Leading Edge 

Pressure distributions .- All of the pressure data obtained from tests 1 to 10 
(table II) are presented in figure 8. Longitudinal and spanwise distributions of pressures 
normalized with respect to the free -stream static pressure are plotted as a function of 
distance normalized with respect to the panel-holder width wj for four free-stream 
unit Reynolds numbers and a up to 15®. These results indicate that aerodynamic load- 
ing was nonuniformly distributed at all test conditions and varied with a. Surface dis- 
tributions based on figure 8(c) are pictorially represented at a = 0*^ and 10° in figure 9 
and illustrate the typical variations obtained. Along the center region of the panel sur- 
face, pressures were relatively uniform; but near the trailing-edge corners, the pres- 
sures either increased as at a= 0° in figure 9(a) or decreased when a > 0° as in fig- 
ure 9(b) from effects of vortical flow around the sides of the panel holder. Thus at 
O' = 0 , pressures increased near the trailing-edge corners from vortical flow spilling 
over from higher pressures on the back surface of the panel holder. At a = 10°, the 
vortical flow was from higher pressures on the test surface; pressures on the calibration 
panel, therefore, decreased toward the trailing-edge corners. The maximum spanwise 
change in pressure from the center- line value observed near the trailing edge was approx- 
imately 29 percent at a = 0° and was approximately 16 percent at o? = 15°. 

In figure 10, the center-line pressure distributions obtained at all angles of attack 
and free-stream unit Reynolds numbers are plotted as a function of free-stream Reynolds 
number based on x and are compared with theoretical predictions from references 8 
and 9. At a - 0 for the three lower free-stream unit Reynolds numbers, the pressure 
along the center line decreased from the leading edge of the panel as a result of effects of 
flow expansion from the blunt leading edge. The rising pressures toward the trailing edge 
for the lowest free-stream unit Reynolds number denote boundary -layer separation from 
flow interference with the sting mount (recall that the panel faced downward in this series 
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of tests). At a = 4.5° and 10°, the pressures tended to increase gradually along the panel 
length. Local pressure variations generally were within ±3 percent. At a = 0 , the 
theory of reference 8 (oblique -shock relations) does not account for bluntness -induced 
pressure effects and, therefore, predicts a constant value. However, the theory of ref- 
erence 9 predicts the data at a = 0° within ±15 percent. For a > 0°, the data were 
within ±15 percent of both theories. 


Heating-rate distributions.- All of the thermocouple data obtained from tests 1 to 10 
(table II) are presented in figure 11. Longitudinal and spanwise distributions of cold-wall 
Stanton numbers based on free-stream conditions are plotted as a function of distance nor- 
malized with respect to the panel-holder width wj for four free-stream unit Reynolds 
numbers and a up to 15°. These results indicate corresponding a-dependent effects of 
vortical flow on aerodynamic heating distributions over the panel surface, as shown by the 
pictorial representations for o - 0° and 10° in figure 12 and based on the data of fig- 
ure 11(b). Thus, at a = 0° (fig. 12(a)), heating rates were relatively low over most of 
the panel surface but increased markedly along the side edges from vortical-flow impinge- 
ment. At O' = 10° (fig. 12(b)), the heating rates increased toward the trailing edge over 
the entire panel surface but were highest along the side edges from boundary-layer dis- 


turbances in the presence of vortical cross flow. Stanton numbers varied in the span- 
wise direction as much as an order of magnitude from the center-line value at a = 0 
^fig. 11(b), = 1.686^ and as much as 3 times the center-line value at other values 

of a (fig. 11(c), ^ = 0.752^ Results from analysis of data obtained near the center 


line (X = -0.021^ and presented in figure 13 showed that these heating-rate variations 

were produced by variations in the type of boundary layer which, for this case, was either 
laminar or transitional. In this figure, experimentally determined cold-wall Stanton num- 
bers are plotted as a function of Reynolds number and are compared with curves for lam- 
inar and turbulent heating obtained from the relations of reference 12. The Stanton and 
Reynolds numbers are based on local conditions and Eckert's reference temperature. 
Laminar heating rates are indicated over the panel length for the two lowest free-stream 
unit Reynolds numbers at a = 0° (circle and square symbols, fig. 13(a)) and lie about 
10 percent below the curve for laminar heating. The very low values of Stanton numbers 
shown by the circle and square symbols at a = 0° in figure 13(a) were obtained in the 
separated -flow region discussed earlier. Transitional heating occurred at the other 
free-stream unit Reynolds numbers and a as indicated by the rising data. At a given 
location on the surface, the transitional heating rates increased both with a and free- 


stream xmit Reynolds number and approached fully turbulent values. 


However, for the set of data shown by the triangle symbols for a = 0° at the highest 
free-stream unit Reynolds number in figure 13(a), boundary -layer transition apparently 
occurred prematurely from some unknown disturbance located upstream of the panel. 
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Modified Panel Holder 


Pressure distributions . - All of the pressure data obtained from tests 19 to 29 
(table II) are presented in figure 14. Longitudinal and spanwise distributions of pressure 
ratios are plotted as a function of distance normalized with respect to the panel -holder 
width W 2 for three free -stream unit Reynolds numbers and a up to 15°. The data 
were obtained with the smaller boundary -layer trip diameter (0.24 cm (0.094 in.)) on the 
sharp leading edge and with aerodynamic fences along the sides of the panel holder. These 
results show that for Rl > 2.0 x 10® per meter (0.6 x 10^ per foot), effects of vortical 
flow on pressures near the trailing -edge corners were not present at O! = 0°. For all 
other conditions, the same cv-dependent effects on pressures occurred near the trailing- 
edge corners to the same extent as encountered on the original panel -holder configuration. 

Pictorial representations of surface distributions based on figure 14(b) for of = 0° 
and 10° are presented in figure 15 and illustrate major characteristic differences in 
surface loading that occurred between the two panel-holder configurations. Thus for 
^L^oo ^ 2.0 X 10® per meter (0.6 x 10^ per foot), pressures obtained with the modified 
panel-holder configuration did not increase toward the trailing-edge corners at a= 0°; 
pressures on the front half of the panel decreased toward the center line slightly at all 
values of a; and at station ^ = 1.477, pressures were always about 10 percent higher 
on one side -y/w 2 of the center line than on the other. 

As shown in figure 16, pressures along the center line tended to increase gradually 
over the panel length by about 10 percent at all angles of attack and Reynolds numbers and 
showed no evidence of expanding flow from the leading edge at a = 0°, as occurred on the 
panel with the original panel-holder configuration. In this figure, the center-line pres- 
sure distributions are plotted as a function of free-stream Reynolds number based on x 
at all O' and unit Reynolds numbers and are compared with predicted values from oblique- 
shock relations (ref. 8). Local pressure variations were within ±8 percent, and experi- 
mental and predicted values were within ±15 percent. 

Heating-rate distributions .- All of the thermocouple data obtained from tests 19 
to 29 (table II) are presented in figure 17. Longitudinal and spanwise distributions of cold- 
wall Stanton numbers based on free-stream conditions are plotted as a function of distance 
normalized with respect to the panel width W 2 for three free-stream unit Reynolds num- 
bers and a up to 15°. These data were obtained using the smaller boundary -layer trip 
diameter (0.24 cm (0.094 in.)) on the sharp leading edge and with aerodynamic fences 
along the sides of the panel holder. Turbulent heating rates were obtained over the panel 
surface at all test conditions except at a = 0° for the two lower free-stream unit Reynolds 
numbers shown in figures 17(a) and 17(b). For these conditions, the heating was transi- 
tional, as indicated by the rising data along the panel length. As is shown in a subsequent 
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section, larger boundary -layer trips are required for turbulent heating at the lower free- 
stream’unit Reynolds numbers. The turbulent heating rates varied in the spanwise direc- 
tion within ±5 percent and characteristically decreased longitudinally by about 15 percent. 

Pictorial representations of the surface heating based on figure 17(c) are presented 
in figure 18 at a = 0° and 10° to illustrate the flatter heating distributions that are 
obtained over the panel surface when transitional heating is not present. The level of 
heating shown was fully turbulent, as deduced from the data obtained near the center line 
_ -0.022^ and shown in figure 19. In this figure, cold-wall Stanton numbers are 

plotted at each a as a function of Reynolds number and are compared with curves for 
laminar and turbulent heating obtained from the relations of reference 12. Stanton and 
Reynolds numbers were based on local conditions and Eckert’s reference temperature. 

The calculated curves for turbulent heating followed the trend of the data for turbulent 
heating very well, but the data were consistently below the turbulent -heating curves by 
from 10 to 30 percent. This kind of agreement, as indicated in reference 13, was 
expected at the wall-temperature ratios of the present investigation. 

Effect of stagnation temperature. - Tests 30 and 31 (table II were conducted near the 
lower stagnation-temperature limit of approximately 1400 K (2500° R) to observe any 
effects of stagnation temperature on panel heating that might arise from unknown anoma- 
lies in the test stream over the stagnation-temperature range of the facility. Center-line 
pL = -0.022^ cold-wall Stanton numbers obtained from these tests are compared in fig- 
ure 20 with center-line Stanton numbers obtained from tests 26 and 29 which were con- 
ducted near the upper stagnation-temperature limit of approximately 1900 K (3400° R). 

The data shown from both test series were obtained at a stagnation pressure of approxi- 
mately 17.65 MPa (2560 psia) for ck’ = 0° and 15° using the smaller boundary -layer trip 
diameter. The results indicate excellent correlation among the four sets of data and, 

therefore, no effect of stagnation temperature. 

Summary of panel loading and heating results . - Variations with a of the ratio of 
average surface pressure to free -stream static pressure and of average cold -wall turbu- 
lent Stanton numbers based on free-stream static conditions are presented in figure 21 
from tests 18 to 29 (table II). Pressure ratios from 1.05 to 9.20 were obtained between 
a = 0° and 18°. The pressure ratio shown at o' = 18° was obtained from test 14 (table II) 
in which the panel was pitched gradually above o' = 15° to find the angle of attack at which 
flow breakdown occurred. In that test, it occurred just above 18°. Cold-wall Stanton num- 
bers varied from 7 x 10“^ to 3 x 10"^ between a = 0° and 15°. Average pressure ratios 
can be predicted within ±10 percent using oblique-shock relations (ref. 8), and average tur- 
bulent heating rates are overpredicted from 10 to 30 percent using Eckert's reference tem- 
perature (ref. 12). 
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Carpet plots summarizing the available average flat-plate surface pressures and 
cold-wall turbulent heating rates obtained from tests 18 to 29 (table II) are presented in 
figure 22 for angles of attack to 15®, for tunnel combustion-chamber pressures from 
6.9 to 24.1 MPa (1000 to 2500 psia), and for a stagnation temperature of 1900 K (3400® R). 
In this range of test conditions, surface pressures from 0.9 to 15.2 Pa (0.13 to 2.20 psia) 
and cold-wall turbulent heating rates from 29.5 to 250 kW/m2 (2.6 to 22.0 Btu/ft2-sec) 
are obtained in the Langley 8-foot high-temperature structures tunnel. 

Panel -Holder Configuration Development 

The modified panel-holder configuration was assembled after evaluating the effects 
of leading-edge radius, boundary -layer trips, and aerodynamic fences separately. A dis- 
cussion of these effects follows. 

Effects of leading-edge bluntness on local Mach numbers .- Leading -edge bluntness 
markedly affected Mach number distributions in the flow field outside the boundary layer 
as shown by data from the pitot survey rake in figures 23 and 24 for the blunt and sharp 
leading edges, respectively. The data of figure 23 were from tests 2 to 10 (table II), and 
the data of figure 24 were from tests 11 to 14. With the blunt leading edge, Mach num- 
bers increased with increasing height above the surface at a distance on the center line of 
^ = 1.76 (or 134 leading-edge diameters). With the sharp leading edge, the Mach num- 
bers were constant above the surface at a distance of — = 1.85 for all free-stream unit 

W2 

Reynolds numbers and a shown. Mach number variations similar to those of figure 23 
were reported in reference 14 and are a leading-edge bluntness effect observed in hyper- 
sonic flow arising from large changes in entropy that occur when streamlines cross the 
nearly normal portions of the detached bow shockwave (refs. 15 and 16). Thus, for the 
first 10 tests of table II, the calibration panel was located under a flow field where blunt- 
ness effects prevailed. At ot= 0®, losses through the entropy layer reduced the Mach 
number nearest the surface nearly 50 percent. As ol increased, the thickness of the 
entropy layer decreased to the extent that at o; = 15® (fig. 23(d)) the Mach numbers 
obtained from the two upper probes on the survey rake were equal. The Mach number 
given by the probe nearest the surface appeared not to vary with a. With the sharp lead- 
ii^ edge, the Mach numbers shown in figure 24 decreased with increasing a as expected 
and appeared to be the values which the Mach numbers in figure 23 were approaching with 
increasing distance from the surface. 

The curves shown in figure 23 indicate that the Lockheed inlet program of refer- 
ence 9 predicted the Mach number variation through the entropy layer very well for a > 0® 
The dashed line at the lower edge of each plot in figure 23 indicates that a fair to good 
approximation of the Mach number near the surface as given by the lower pitot probe was 
obtained, assuming isentropic expansion from the total pressure behind a normal shock 
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to the static pressure given by oblique-shock relations (ref. 8). These relations also pre- 
dicted the Mach number in the flow field outside the entropy layer, as shown by the agree- 
ment between the dashed line on the upper edge of each plot and the Mach number given by 
the upper pitot probe in figure 23(d) (blunt leading edge) and between the theory and data in 

figure 24 (sharp leading edge). 

Effects of leading-edge bluntness on surface pressures .- Pressure distributions 
obtained along the panel center line using only the sharp, untripped leading edge in 
tests 11 and 13 (table II) were similar to the center-line distributions shown in figure 16 
and obtained with the sharp leading edge, small boundary -layer trips, and aerodynamic 
fences. Hence, use of the sharp leading edge eliminated the effects of flow expansion 
encountered along the panel center line with the blunt leading edge at a = 0°. No char- 
acteristic differences in longitudinal pressure distributions attributable to leading-edge 
effects were observed at higher values of a. However, spanwise pressures were affected 
as shown in figure 25, although the smaller width of the panel holder may also have been a 
contributing factor to the effects observed. In this figure, spanwise pressures norm^alized 
with respect to the center-line value are plotted along station - 1.748 at a 0 
and 10° for both leading-edge configurations and two nominal free-stream unit Reynolds 
numbers. Thus, at 0 = 0°, the spanwise pressure rise encountered near the trailing- 
edge corners of the panel with the blunt leading edge (circle symbols) was reduced by 
nearly one-half using the sharp leading edge (square symbols). However, at a = 10 , 
the spanwise drop in pressure from the center-line value obtained using the sharp lead- 
ing edge was about 30 percent greater than was obtained using the blunt leading edge. 

Effect of leading-edge blun tness on surface heating rate .- The influence of leading- 
edge bluntness on panel aerodynamic heating rate at « = 0° and 10° is demonstrated in 
figure 26. In this figure, center-line cold-wall Stanton numbers obtained from tests 3 
and 4 (table II) using the blunt leading edge are compared with data obtained from tests 11 
and 12 (table II) using the sharp leading edge. Nominal free-stream unit Reynolds number 
was Rl oo = 2.0 X 106 per meter (0.6 x 106 per foot). These results indicate higher heat- 
ing rates on the surface with the sharper leading edge at both values of or. Inasmuch as 
the data trends and heating levels were dependent upon the type of boundary layer, the 
higher heating rates obviously resulted from earlier boundary-layer transition. This 
effect of bluntness is consistent with the literature, as in reference 4. From the data of 
figure 26(a), it appears that the beginning of boundary -layer transition occurred on the 
panel with the sharp leading edge at a Reynolds number, based on conditions at the outer 
edge of the boundary layer, of approximately 2.7 x 106. This value appeared to correlate 
favorably with published transition results obtained at the present wall-temperature ratio 
but at higher free-stream unit Reynolds numbers as in reference 13. Thus, it can prob- 
ably be assumed that the data of figure 26(a) (sharp leading edge) were not influenced by 


15 



the 0.3-cm (0.1 -in.) gap at the leading edge of the panel and that this Reynolds number 
is a reasonable value for the natural transition Reynolds number in the test facility. 

Effect of boundary -layer trips .- Turbulent heating could not be provided throughout 
the range of test conditions for this investigation without using the boundary-layer trips 
of figure 1(d). The effectiveness of the trips is demonstrated in figure 27, where center- 
line cold-wall Stanton numbers obtained from the sharp leading edge with and without trips 
are compared at 0 = 0° for Rl,oc = 2.0 x 10® per meter (0.6 x 1 q 6 per foot). These 
data show that by increasing the trip diameter the location of boundary-layer transition 
can be moved upstream so that heating rates can correspondingly increase from transi- 
tional to fully turbulent values. In figure 28, all center-line cold-wall heating data 
obtained with the sharp leading edge (without fences, tests 11 to 18 in table II) are com- 
pared with curves for the laminar and turbulent theories of reference 12. These results 
indicate that fully turbulent heating is achievable over the present range of test condi- 
tions by using the appropriate boundary-layer trip diameter. The range of a and unit 
Reynolds number over which each trip diameter is required for turbulent heating is sum- 
marized in table IV, where it is seen that boundary-layer trips are required for turbulent 
flow over the panel surface at angles of attack less than 10° and free-stream unit Reynolds 
numbers below 4.9 x 10® per meter (1.5 x 10® per foot). 

Effects of aerodynamic fences on flow patterns and surface pressures .- Without 
aerodynamic fences, the oil-flow patterns shown in the photographs of figure 29 were 
observed over the test surface during tests of a 1/12-scale model of the panel holder. 
These patterns were obtained from tests conducted in hot flow in the 7-inch Mach 7 pilot 
tunnel at the Langley Research Center and indicate that the flow streamlines turned 
inward from the side edges at 0 = 0° as in figure 29(a) and outward at a = 10° as in 
figure 29(b). Correspondingly, surface pressures were higher in areas of inflow at 
0 = 0° and decreased in areas of outflow at a > 0°, as was illustrated in the pictorial 
representations of figure 9. Use of the aerodynamic -fence configuration of figure 1 
greatly diminished this o-dependent tendency of the flow streamlines to deflect, as shown 
by the oil-flow patterns of figure 30 for 0=0° and 10°. (This effect is well-documented 
as, for example, in ref. 12.) 

Accordingly , the use of aerodynamic fences also diminished the corresponding 
Qf-dependent variations in surface pressures near the trailing-edge corners except at 
Of = 0° and Rl^oo = 2.0 x 106 per meter (0.6 x 106 per foot) as shown in figure 31. In 
this figure, pressures obtained along station ^ = 1.748 on the panel holder with the 

sharp leading edge without fences are compared with pressures obtained from the modi- 
fied panel holder (sharp, tripped leading edge with fences) at a = 0° and 15° for two 
free-stream unit Reynolds numbers. The pressures were normalized with respect to 
the center-line value. Except for the conditions shown in figure 31(a), the spanwise 
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change in pressure near the trailing-edge corners was reduced as much as 50 percent 
with fences attached. The spanwise change in pressure with fences attached was about 
2 percent at a = 0° (fig. 31(b)) and was about 12 percent at a = 10*^ and 15°. 

CONCLUSIONS 

Surface pressure and heating-rate distributions (wall-temperature to total- 
temperature ratio approximately 0.2) were obtained on a large, flat calibration panel at 
a nominal Mach number of 7 in the Langley 8 -foot high-temperature structures tunnel. 
Panel dimensions were 108.0 by 152.4 cm (42.5 by 60.0 in.). Test objectives were (1) to 
map available flat -plate loading and heating and (2) to determine the effectiveness of 
leading-edge bluntness, boundary-layer trips, and aerodynamic fences in generating a 
uniform, streamwise turbulent flow field over the test surface. Tests were conducted 
at angles of attack to 15° for free-stream unit Reynolds numbers from 1.240 x 10^ to 
5.545 X 10^ per meter (0.378 X 10^ to 1.69 x 106 per foot). Stagnation pressures were 
from 4.275 to 18.06 MPa (620 to 2620 psia); stagnation temperatures were 1400 K 
(2500° R) and 1900 K (3400° R). The following conclusions are indicated: 

1. Surface pressures from 0.90 to 15.2 kPa (0.13 to 2.20 psia) and cold-wall turbu- 
lent heating rates from 29.5 to 250 kW/m2 (2.6 to 22.0 Btu/ft2-sec) are available in the 
preser^t range of test conditions. 

2. Average pressures can be predicted within ±10 percent using oblique -shock rela- 
tions, and average turbulent heating rates are overpredicted from 10 to 30 percent using 
Eckert's reference temperature, as was expected for the present wall-temperature to 
total-temperature ratio. 

3. For a free-stream unit Reynolds number of 2.0 x 106 per meter (0.6 x 10® per 
foot), the local Reynolds number for natural boundary-layer transition in the Langley 
8-foot high-temperature structures tunnel is approximately 2.7 x 10®. 

4. A sharp leading edge produces a flow field above the panel surface in which the 
Mach number is constant, whereas a blunt leading edge generates an entropy gradient that 
reduces the Mach number near the surface by almost 50 percent at a - 0 . 

5. Boundary -layer trips are required for turbulent flow over the panel surface at 
angles of attack less than 10° and free-stream unit Reynolds numbers below 4.9 x 106 per 
meter (1.5 x 10® per foot). 

6. Aerodynamic fences diminish the tendency of flow streamlines to deflect with 
angle of attack and reduce spanwise surface pressure variations near the trailing edge 
as much as 50 percent. 
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7. With a sharp leading edge, boundary -layer trips, and aerodynamic fences attached 
to the panel holder, pressures along the panel center line vary within ±5 percent. The 
spanwise change in pressure near the trailing edge of the panel is about 2 percent at an 
angle of attack of 0° for free-stream unit Reynolds number of 4.9 x 1 q 6 per meter 
(1.5 X 1q 6 per foot) and about 12 percent at angles of attack of 10® and 15®. Turbulent 
heating rates decrease longitudinally by about 15 percent and vary within ±5 percent in 
the spanwise direction. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., May 22, 1973. 
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APPENDIX 


CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 

Factors required for converting U.S. Customary Units to the International System 
of Units (SI) are given in the following table: 


Physical quantity 

U.S. Customary 
Unit 

Conversion 

factor 

(*) 

SI Unit 

Heat flux 

Btu/ft2-sec 

11348.9 

watt/meter2 (W/ m2) 


r in. 

0.0254 

meter (m) 

Length 


0.3048 

meter (m) 


per ft 

3.28083 

per meter (m"l) 

Pressure 

psi 

6894.757 

pascal (Pa) 

Temperature 

OR 

5/9 

kelvin (K) 


* Multiply value in U.S. Customary Unit by conversion factor to obtain 
equivalent value in SI Unit. 


Prefixes to indicate multiples of units are as follows: 


Prefix 

Multiple 

mega (M) 


kilo (k) 


centi (c) 


milli (m) 


micro (p) 
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TABLE I.- LOCATION OF INSTRUMENTATION OF CALIBRATION PANEL 








TABLE n.- TEST CONDITIONS AND PANEL-HOLDER CONFIGURATIONS 
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TABLE III.- LOCAL TEST CONDITIONS AND CONVERSION FACTORS 


Test 



Pz 

T 

aw 

T* 


(pVCp), 


(p''pp) 


K 


kPa 

psia 

K 


K 

Qr 


Kp), 


(pVCp) 

1 

577.8 

1040 

0.5295 

0.0768 

1722 

3100 

744.4 

1340 

0.147 

0.313 

0.0822 

0.237 

2 

877.8 

1580 

2.289 

.332 

1689 

3040 

788.9 

1420 

.247 

.824 

.294 

.906 

3 

555.6 

1000 

.8688 

.126 

1700 

3060 

716.7 

1290 

.153 

.321 

.0821 

.218 

4 

866.7 

1560 

3.723 

.540 

1672 

3010 

777.8 

1400 

.253 

.830 

.296 

.907 

5 

1044 

1880 

6.316 

.916 

1756 

3160 

850.0 

1530 

.320 

1.19 

.434 

1.35 

6 

555.6 

1000 

1.606 

.233 

1694 

3050 

711.1 

1280 

.158 

.332 

.0827 

.220 

7 

716.7 

1290 

3.234 

.469 

1717 

3090 

750.0 

1350 

.205 

.537 

.174 

.484 

8 

905.6 

1630 

6.785 

.984 

1761 

3170 

805.6 

1450 

.271 

.853 

.314 

.914 

9 

519.4 

935 

2.379 

.345 

1611 

2900 

688.9 

1240 

.178 

.348 

.0761 

.200 

10 

711.1 

1280 

4.654 

.675 

1694 

3050 

744.4 

1340 

.208 

.538 

.175 

.487 

11 

211.1 

380 

.7929 

.115 

1639 

2950 

577.0 

1040 

1.00 

1.00 

.165 

.336 

12 

348.9 

628 

3.144 

.456 

1761 

3170 

750.0 

1350 

1.78 

2.59 

.469 

1.35 

13 

205.6 

370 

2.193 

.318 

1428 

2570 

416.7 

950 

1.00 

1.00 

.188 

.407 

14 

312.2 

562 

8.550 

1.74 

1450 

2610 

561.1 

1010 

1.75 

2.54 

.627 

1.41 

15 

213.3 

384 

.7791 

.113 

1711 

3080 

594.4 

1070 

1.00 

1.00 

.146 

.345 

16 

228.9 

412 

2.117 

.307 

1706 

3070 

594.4 

1070 

1.00 

1.00 

.177 

.409 

17 

484.4 

872 

15.10 

2.19 

1711 

3080 

666.7 

1200 

1.58 

3.06 

.913 

2.39 

18 

215.0 

387 

.7447 

.108 

1756 

3160 
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(a) Longitudinal cross section. 


V Panel- holder test surface (Glasrock) 

\ 

\ — Test panel area 

\ 
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W2=I40.7(55.4) 
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K“- 102.1(40.2) 152.4(60) 

^ 300 ( 118 ) — 

(b) Planview. 

Figure 1.- Details of panel holder. All dimensions are in cm (in.). 
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3.0(1. 2)-| 


(a) Orifice distribution. 



(b) Thermocouple distribution. 

Figure 2.- Planview of orifice and thermocouple distributions 
calibration panel. All dimensions are in cm (in.). 
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Figure 5.- Pitot pressure, static pressure, and Mach number distributions 
across test stream of the Langley 8-foot high-temperature structures 
tunnel at two longitudinal locations. 
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L-70-516 

Figure 6.- Photograph of panel holder with blunt leading edge In the Langley 8-loot hlgh-temperature structures tunnel. 
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Figure 7.- Photograph of panel holder with sharp leading edge and aerodynamic fences in the Langley 
8-foot high-temperature structures tunnel (modified panel-holder configuration). 
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X/VV| y/W| 


Rl,°o = 1-3 X 10® per meter (0.4 x 10® per foot). 

Figure 8.- Longitudinal and spanwise pressure distributions on a flat panel with a 
blunt leading edge and without aerodynamic fences at Moo = 7. 
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x/w, V/'*'| 

(d) Rl oo = 4.9 X 10® per meter (1.5 x 10® per foot). 
Figure 8.- Concluded. 
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Figure 10.- Center-line pressure distributions along flat panel 
with blunt leading edge at Moo = '1 • 



a, deg 
0 



^L,oo = 1»3 X 10® per meter (0.4 x 106 per foot). 

Figure 11.- Longitudinal and spanwise cold-wall heat-transfer distributions on flat 
panel with blunt leading edge and without aerodynamic fences at = 7. 
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o 10.0 



X /W| 

(b) Rt oo 2.0 X 10® per meter (0.6 x 10® per foot) 
Figure 11.- Continued. 












(b) «= IQO. 

Figure 12.- Heat-transfer distributions on flat panel with blunt leading edge and with- 
out aerodynamic fences at Rl ^ = 2.0 X 10® per meter (0.6 x 10® per foot) 
and = 7. 
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o 0 

•-J 5.0 



■6 .8 1,0 1.2 1.4 1.6 1.8 -.4 -.2 0 .2 .4 


X/W2 y/W2 

(a) Rj^ ^ = 2.0 X 10® per meter (0.6 x 10® per foot). 

Figure 14.- Longitudinal and spanwise pressure distributions on flat panel with sharp 
leading edge, 0.24 -cm -diameter (0.094-in.) boundary -layer flow trips, and 
aerodynamic fences at = 7. 
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X/W2 y/W2 


(c) Rl ,„ = 4.9 X 10^ per meter (1.5 x 10® per foot). 
Figure 14.- Concluded. 
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Figure 16.- Center-line pressure distribution along flat-panel surface with sharp 
leading edge, 0.24 -cm -diameter (0.094-in.) boundary -layer flow trips, and 
aerodynamic fences at M„ = 7. 
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(a) ^ = 2.0 X 10® per meter (0.6 x 10® per foot). 

Figure 17.- Longitudinal and spanwise cold-wall heat -transfer distributions on flat 
panel with sharp leading edge, 0.24 -cm -diameter (0.094-in.) boundary -layer 
flow trips, and aerodynamic fences at = 7. 
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a , deg 
0 

10.0 



(t>) Rl ,0 = 3.3 X 106 per meter (1.0 x 10® per foot). 
Figure 17.- Continued. 
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a, deg 
0 

n 5.0 

o 10.0 



(c) Rt = 4.9 X 10® per meter (1.5 x 10® per foot). 
Figure 17.- Concluded. 
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Figure 19.- Center-line cold-wall heat -transfer distributions on flat panel with 
sharp leading edge, 0.24-cm-diameter (0.094-in.) boundary -layer flow 
trips, and aerodynamic fences at = 7. 









a, deg 

Figure 21.- Variation of average surface pressure ratio and cold-wall turbulent 
heat transfer with angle of attack on flat-panel surface at = 7. 




(a) Surface pressure. 



(b) Turbulent cold-wall heating rate. 

Figure 22.- Carpet plots of average flat-plate surface pressures and cold-wall 
turbulent heating rates in the Langley 8-foot high-temperature structures 
tunnel. = 7; Tt = 1900 K (3400° R). 
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(b) a =10°. (c) a =150. 

Figure 24.- Mach number distributions normal to panel-holder test surface with 
sharp leading edge from pitot static pressures measured at x/w 2 = 1.85; 

M«, = 7. 
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(b) Rt = 4.9 X 10® per meter (1.5 x 10® per foot). 

Figure 25.- Effect of leading-edge bluntness on spanwise pressure distributions 
at trailing edge of flat panel at = 7. 
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Trip diam 



(b) Rj^ ^ = 4.9 X 10® per meter (1.5 x 10® per foot). 

Figure 28.- Effect of boundary -layer flow trips on variation of center -line cold-wall 
Stanton number with local Reynolds .number on flat panel at Moo = 7. 



L-73-3067 


(b) a = 10®. 

Figure 29.- Oil -flow patterns on panel-holder test surface without aerodynamic 

fences at M«, = 7. 






(a) « = 0°. 



L-73-3068 


(b) O' = 10®. 

Figure 30.- Oil-flow patterns on panel -holder test surface with aerodynamic 

fences at M^o = 7. 
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(b) Rl oo ^ meter (1.5 X 106 per foot). 

Figure 31.- Effect of aerodynamic fences on spanwise pressure distributions 
at trailing edge of flat panel. (^/'^2 ~ ^oo “ 


NASA-Langley, 1973 
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